Annatto has been identified as carotenoids that have antioxidative effects. It is well known that one of the key elements in the development of diabetic complications is oxidative stress. The immune system is especially vulnerable to oxidative damage because many immune cells, such as neutrophils, produce reactive oxygen species and reactive nitrogen species as part of the body's defense mechanisms to destroy invading pathogens. Reactive oxygen species/reactive nitrogen species are excessively produced by active peripheral neutrophils, and may damage essential cellular components, which in turn can cause vascular complications in diabetes. The present study was undertaken to evaluate the possible protective effects of annatto on the reactive oxygen species and nitric oxide (NO) inhibition in neutrophils from alloxan-induced diabetic rats. Adult female rats were divided into six groups based on receiving either a standard diet with or without supplementation of annatto extract or beta carotene. All animals were sacrificed 30 days after treatment and the neutrophils were isolated using two gradients of different densities. The reactive oxygen species and NO were quantified by a chemiluminescence and spectrophotometric assays, respectively. Our results show that neutrophils from diabetic animals produce significantly more reactive oxygen species and NO than their respective controls and that supplementation with beta carotene and annatto is able to modulate the production of these species. Annatto extract may have therapeutic potential for modulation of the balance reactive oxygen species/NO induced by diabetes.
Introduction O xidative stress is defined as an imbalance in prooxidants and antioxidants, which results in macromolecular damage and disruption of redox signaling and control pathways. (1) There is a growing amount of evidence that, in diabetes, the excess generation of highly reactive free radicals, which is largely due to hyperglycemia, causes oxidative stress, further accelerating the development and progression of the disease and its complications. (2, 3) The immune system is especially vulnerable to oxidative damage because many immune cells, such as neutrophils, produce reactive oxygen species (ROS) and reactive nitrogen species (RNS) as part of the body's defense mechanisms to destroy invading pathogens. (4) It is well known that the function of neutrophils is altered in diabetes; one of the major functional changes in neutrophils in diabetes is the increased generation of extracellular superoxide and ROS. The chronic hyperglycemia resulting from poorly controlled diabetes can prime neutrophils and monocytes, resulting in an exaggerated inflammatory response and tissue damage. (5, 6) Neutrophils are also capable of the production and release of nitric oxide (NO). (7, 8) The functional role of NO depends on both its concentration and its association with other biological molecules and proteins. NO and ROS can act separately or combine to form the highly toxic peroxynitrite. (9) Peroxynitrite is a potentially toxic species that has a different set of targets. (10) Antioxidant systems prevent the uncontrolled formation of free radicals and reactive oxygen species or inhibit their reactions with biological structures. (11) The efficiency of this defense mechanism is altered in diabetes. (12) The protective effects of exogenously administered antioxidants have been extensively studied in various animal models of diabetes in recent years, and the beneficial effects of numerous antioxidants, mainly from plant sources, have been demonstrated. (13) The carotenoids constitute a family of pigmented compounds that are synthesized by plants and microorganisms; (14) they are responsible for scavenging free radicals and therefore act as antioxidants under conditions of reduced oxygen in vitro and in vivo. A wealth of scientific evidence links the antioxidant properties of carotenoids with their beneficial effects on chronic diseases including diabetes. (15) In this context, Bixa orellana, a shrub native to tropical America, is a rich source of orange-red pigments that have been widely used by the food color industry. These pigments are commercially known as annatto (E160b), and their main colored component is bixin (C25H30O4). (16) After ingestion of annatto, bixin levels reach high concentrations in human plasma and are completely cleared in 8 h. (17) Thus, the bixin present in processed foods may be an important nutritional factor that can promote human health. Some of the components of annatto have been identified as carotenoids that have antioxidative and anticarcinogenic effects. (18, 19) However, the effects of annatto on oxidative stress in diabetic models have not been completely investigated. Therefore, the objective of this study was to assess the production of ROS and NO in neutrophils from diabetic rats treated with β-carotene (reference compound) and an annatto extract. The results of this work provide new perspectives on the use of annatto as a possible modulator in the production these species in neutrophils of diabetic rats.
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Materials and Methods
Chemical reagents. The chemical reagents, including alloxan (2,4,5,6-tetraoxypyrimidine; 5,6-dioxyuracil), luminol (5-amino-2,3-dihydro-1,4-phthalazinedione), diphenylene iodonium (DPI), Zymosan (ZC3b) and β-carotene (synthetic trans-β-carotene type I -C9750) were purchased from Sigma-Aldrich (St. Louis, MO). Leukopaque and Monopaque gradients were obtained from Bion LTDA, Brazil.
Animals. The Laboratory of Experimental Nutrition from the Federal University of Ouro Preto (UFOP) provided the female albino Fisher rats used in the experiment; the animals were approximately 13 weeks old and weighed about 192 g. All animals were kept in collective cages (four per cage) placed in an environment with the temperature maintained at 22-28°C and a photoperiod of 12 h; they received either a modified standard rat diet (AIN-93M) Reeves et al., (20) or a modified standard rat diet with supplementation and water ad libitum. This work was carried out in accordance with the international standards of animal protection and with the ethical principles of the Brazilian College of Animal Experimentation (21) and was approved by the Ethics Committee on Animal Use (CEUA) of UFOP (OF 01/2009 and OF 011/2009).
Diabetes induction. To induce diabetes, we treated rats intraperitoneally with 150 mg/kg alloxan (ALX) dissolved in 0.2 mL NaCl (0.01 M, pH 4.5). The control animals received an intraperitoneal injection of NaCl. Three days after administration of ALX, blood samples were collected to confirm the development of diabetes. Animals with glucose levels above 400 mg/dL (22.24 mmol/L) were considered diabetic. Biochemical analyses of plasma glucose concentrations and glycosylated hemoglobin content were performed using commercially available spectrophotometric assays (Labtest, Minas Gerais, Brazil and Katal, Minas Gerais, Brazil, respectively).
Diets and experimental design. Forty-eight rats were distributed into six groups according to the treatment they received. The control (C) and diabetic (D) groups were fed the modified standard diet AIN-93M, the control + annatto extract (CAn) and diabetic + annatto extract (DAn) groups received the standard diet including 0.09% annatto extract, and the control + β-carotene (Cβcar) and diabetic + β-carotene (Dβcar) groups received the standard diet including 0.1% β-carotene. The length of treatment was 30 days. In this experiment, we used a macerated, mechanically extracted form of annatto seed (known commercially as bixin pie) that was kindly provided by the company Corantec Dye Natural Ltda, Sao Paulo, Brazil. This mash was termed annatto extract (An). The concentration of bixin in the annatto extract was 2.17 gramas/100 g. The composition of experimental diets was presented on Table 1 .
Isolation of polymorphonuclear leukocytes. Blood was obtained by bleeding of the brachial plexus and was collected in heparinized tubes. The neutrophils were then isolated using two gradients of different densities, Monopaque (d = 1.08) and Leukopaque (d = 1.12), according to the procedure of Bicalho et al. (23) with minor modifications. The cell viability of each sample was determined by trypan blue exclusion and was always greater than 95%.
In vitro test. In this experimental procedure, 1 × 10 6 neutrophils in 1 mL of PBS were incubated with 500 μL of luminol (10 −4 M) for 10 min in siliconized glass tubes. The photons emitted were recorded at every minute for 1 min using the internal printer of the luminometer. After running the reaction for the initial 10 min, 100 μL of extract annatto (0.1 μg/100 μL) or β-carotene (0.1 μg/100 μL) was added. For all tests, the final volume was adjusted to 700 μL with PBS (pH 7.35). The chemiluminescence was recorded for 30 min.
In vivo tests.
Quantification of ROS.
To evaluate the generation of ROS, we performed a chemiluminescence assay based on the amplification of luminol during the activation of phagocytic cells as described by Chaves et al. (24) Luminol reacts with ROS generated by neutrophils to produce an excited aminophtalate anion that emits light when returning to ground state. (25) It is well established that luminol measures O2
•− (26) although to detect ROS in general. (27) Briefly, neutrophils (1 × 10 6 cells in Hank's solution, pH 7.35) were incubated with 500 μL of 10 −4 M luminol for 30 min in siliconized tubes. The photons emitted during this period were recorded every minute using an internal luminometer printer. Values were expressed as RLU/30 min. Quantification of nitric oxide. The quantification of nitric oxide was performed by nitrite determination in granulocytes (1 × 10 6 / mL) using commercially available spectrophotometric assays (BioAssay systems, CA).
In ex-vivo test. In this experimental procedure, 1 × 10 6 neutrophils in 1 mL of PBS were incubated with 500 μL of luminol (10 −4 M) for 10 min in siliconized glass tubes. A luminol [Sigma Co.] stock solution was made by dissolving 1.77 mg of luminol in 1.0 mL of dimethyl sulfoxide (DMSO) to give a final concentration of 10 −2 M. Before use, this solution was further diluted to 10 −4 M in PBS (pH 7.4). The photons emitted were recorded at every minute for 10 min using the internal printer of the luminometer. After running the reaction for the initial 10 min, 100 μL of DPI (10 −4 M) or 50 μL of opsonized zymosan particles (13 mg/mL) was added. For all tests, the final volume was adjusted to 700 μL with PBS (pH 7.35). The chemiluminescence measurements were performed in a luminometer (Lumat, LB 9507, Berthold, Germany). The chemiluminescence was recorded Mineral mixture followed the recommendation of the Association of Official Analytical Chemists. Opsonization of zymosan particles. Zymosan derived from the cell wall of Saccharomyces cerevisiae is rich in both b-glucan and mannan. (28) It has been widely used as a model fungal particle to study immune responses conducted by different innate and adaptive immunity cells.
Zymosan was opsonized by adding 900 μL of PBS (pH 7.4) to 100 μL of zymosan (13 mg/mL) as described in the study by Nogueira Machado et al. (29) The solution was then centrifuged for 2 min at 200 × g. The supernatant was discarded and the pellet was resuspended in 200 μL of fresh autologous serum and 800 μL of Hank's (pH 7.35). This solution was incubated for 30 min in a 37°C water bath and shaken at 10 min intervals. Subsequently, the solution was centrifuged again for 2 min at 200 × g; the supernatant was discarded, and the pellet was resuspended in 500 μL of PBS. The volume of opsonized zymosan with serum (ZC3b) used for the experiments was 50 μL.
Statistical analysis. The data were expressed as means ± SD. All data were analyzed by D'Agostino & Pearson omnibus normality test. Data (Table 2 ) with normal distribution were analyzed by one-way analysis of variance (ANOVA), and differences were considered statistically significant for p<0.05. Tukey's post-hoc test was used to determine the differences among the groups. For the remaining analysis we chose to use Student's unpaired t test. Tests were performed with GraphPad Prism version 4.00 for Windows (San Diego, CA).
Results
Evaluation of body weight, plasma glucose and glycosylated hemoglobin. Table 2 shows that there was no significant difference in initial weight among the groups. However, we observed a significant reduction in final weight in the animals in the diabetic groups (D, DAn and Dβcar) compared to the control groups (C, CAn and Cβcar). The animals in the diabetic groups also showed increased final blood glucose levels and glycosylation of hemoglobin when compared to the animals in the control groups. Treatment with annatto extract or β-carotene failed to improve the glycemic profiles of these animals.
Evaluation of ROS production in neutrophils. In vitro, the results presented in Table 3 show that isolated neutrophils incubated with annatto extract and β-carotene did not alter ROS production compared to basal metabolism of these cells. In vivo, the results presented in Fig. 1 show that neutrophils from diabetic animals produce significantly more ROS than their respective controls. Our results demonstrated that treatment with annatto extract and β-carotene significantly decreased ROS production in diabetic animals in 79% and 93%, respectively, indicating that annatto extract and β-carotene were effective at modulating ROS generation. To determine the role of NADPH oxidase in this process, we evaluated ROS production in neutrophils incubated with DPI, an inhibitor of NADPH oxidase. The results show that the DPI was able to significantly inhibit ROS production in all groups.
The results presented in Fig. 2 show that neutrophils from diabetic animals incubated with ZC3b particles produce significantly more ROS (4426.7 ± 872.2) than their respective controls (847.0 ± 201.5). However, when neutrophils from diabetic rats treated with annatto extract (2706.2 ± 978.9) and β-carotene (1513.5 ± 914.5) were incubated with ZC3b particles, there was a significant reduction in ROS release compared to untreated cells.
Evaluation of NO production in neutrophils. The results in Fig. 3 show that neutrophils from diabetic animals produce significantly more NO (0.77 ± 0.02) than their respective controls (0.23 ± 0.03). However, results demonstrated that treatment with annatto extract (0.27 ± 0.02) and β-carotene (0.26 ± 0.07) significantly decreased NO production in treated versus untreated diabetic animals, indicating that annatto extract and β-carotene were effective at modulating nitric oxide generation. The treatment did not alter nitric oxide production in neutrophils from control rats.
Evaluation of balance ROS/NO. We conducted a joint assessment of ROS and NO; for this experiment, we analyzed the percentage of activation or inhibition of both of these species in neutrophils from treated or untreated diabetic rats. The results presented in Fig. 4 show that the increased production of ROS in neutrophils from diabetic rats is accompanied by increased NO production. Treatment with β-carotene and annatto extract is capable of reducing both species. These results together suggest a balance between ROS and NO.
Discussion
The annatto dye is prepared by stirring annatto seeds in water and used to color butter and cheese; it is also widely used in Latin America to color rice and other foods. (30) Few studies have examined the hypoglycemic effects of annatto, and in most these studies the experimental model used was the dog.
(31) Fernandes Table 2 . Evaluation of body weights (initial and final), plasma glucose and glycosylated hemoglobin levels in non-diabetic and diabetic rats that were left untreated or treated with annatto extract and β-carotene
The data are presented as the mean ± SD (n = 8 et al., (32) show that the continuous ingestion of annatto extract or norbixin caused hyperglycemia in rats. In our experimental model, annatto was unable to alter the body weights, plasma glucose levels or glycosylated hemoglobin levels ( Table 2 ) of diabetic animals. It is well known that one of the key elements in the development of diabetic complications is oxidative stress. (33) Previous studies in vascular endothelial cells and phagocytic leukocytes have linked the generation of superoxide and other ROS and the ensuing enhanced oxidative stress with hyperglycemia. (34, 35) Although multiple sources of ROS may be involved in diabetes, a major source of ROS that contributes to inflammatory lesions is the neutrophil NADPH oxidase. (36) Activated polymorphonuclear neutrophils produce and release a variety of ROS such as the superoxide anion (O2 •− ) and hydrogen peroxide (H2O2). It is assumed that a plasma membrane-bound NADPH oxidase complex catalyzes a one-electron reduction of oxygen to O2 •− , which is then converted into H2O2 spontaneously or via the action of superoxide dismutase. The NADPH oxidase present in neutrophils is a multi-protein complex that comprises the following: 1) a membrane-bound flavocytochrome b composed of two subunits (p91phox and p22phox); 2) the cytosolic proteins p47phox, p67phox, and p40phox; and 3) the small G proteins Rac 2 and Rap A1. (37) Upon neutrophil activation some of the cytosolic proteins, mainly p47 phox, are phosphorylated, allowing the translocation of the complex composed of all the cytosolic proteins to the membrane, where they interact with flavocytochrome b. (38, 39) Fig. 1 shows a significant increase in ROS production in neutrophils from diabetic rats; these results are consistent with work by Ayilavarapu et al., (40) who demonstrated that neutrophils from poorly controlled diabetic subjects generate significantly higher amounts of superoxide compared with healthy controls. (5, 41) However, our results showed, for the first time, that treatment with the annatto extract or with β-carotene was effective at reducing ROS production in the neutrophils of diabetic rats. To test our hypothesis that the NADPH oxidase complex is involved in the induction of ROS in neutrophils from diabetic rats, we conducted an experiment with DPI, an inhibitor of NADPH oxidase. Our results demonstrate that DPI was able to significantly inhibit ROS production in neutrophils from both control and diabetic rats; however, this inhibition was more pronounced in the rats with the disease. These data demonstrate the participation of the NADPH oxidase complex in the exacerbation of ROS production-induced diabetes. Neutrophils are the first effector cells recruited to the site of infection; there, they internalize, kill and digest bacteria and fungi. Binding of ligands to receptors such as complement receptor 3 (CR3) and Fcg on neutrophils leads to phagocytosis by a process that involves actin polymerization and insertion of new membrane. After phagosome formation, effector mechanisms are activated to kill and digest particles; these mechanisms include the production of reactive oxygen species (ROS) and oxidized halides and the release of granule enzymes. (10) The incubation of neutrophils from diabetic rats with opsonized particles of zymosan induced a significant increase in the production of ROS. The ZC3b particles bind both the FcR and CR receptors. This activation leads to the generation of various ROS by these cells. However, pre-treatment with annatto was able to reduce ROS production in neutrophils from diabetic rats incubated with zymosan. These results lead us to conclude that the likely mechanism of action of the annatto extract is a regulation of gene expression or activity altered NADPH oxidase. Neutrophils isolated from rats treated with the annatto extract and incubated with zymozan were less responsive in ROS production, probably because NADPH oxidase was partially inhibited.
Moreover, the results (in vitro) presented in Table 3 leads us to refute the hypothesis that the annatto extract exerts a direct scavenger of reactive species produced by neutrophils, since neutrophils incubated with the annatto extract and beta carotene was not able to reduce ROS production when compared to basal metabolism these cells. Some literature data show that carotenoids may decreases O2
•− production stimulated by NADPH oxidase. (42) Activated polymorphonuclear leukocytes (PMNs) produce not only ROS but also NO, (43, 44) which subsequently reacts with a O2
•− to yield peroxynitrite anions (ONOO − ). (45) It has been observed that NO-derived peroxynitrite is an important mediator of free radical-dependent toxicity because of its strong oxidizing effects. (46) All of these radicals and their reactive derivatives are also released into extracellular spaces, where they indiscriminately break down biological macromolecules and, thus, exacerbate the injury to surrounding tissue. (47) Our results showed an increase in NO production induced by diabetes; however, in neutrophils from rats treated with β-carotene or annatto, there is a decrease in NO production. In the experiment depicted in Fig. 4 , we performed a comparative analysis of the balance between ROS and NO and found that in neutrophils from diabetic rats the increase in ROS production is accompanied by increased production of NO. In these cells, treatment with β-carotene or annatto was able to simultaneously reduce ROS and NO production. The increased production of ROS and RNS by activated neutrophils and the concomitant decrease in antioxidant defensive capacity give rise to an oxidant/antioxidant imbalance that leads to oxidative stress. (47) Neutrophils are specialized for the release of ROS, nitric oxide (NO) and proteolytic enzymes. Both the superoxide anion radical and nitric oxide generate secondary reactive oxygen species (ROS) and reactive nitrogen species (RNS). Physiologically, ROS/RNS formation performs an essential microbicidal function. Although the formation of reactive species is desirable for the host's defense, overproduction of these species can damage the body's own cells, cause tissue injury, and contribute to the development of a number of serious diseases. Thus, the modulation of their production is important for treatment of immune and inflammatory diseases. (45, (48) (49) (50) The antioxidant properties of annatto extract were also confirmed by further analysis the activity of superoxide dismutase (SOD), which indicated that animals treated with annatto extract (80.81 ± 1.92 inhibition rate, %) showed an increase in SOD activity than animals diabetics (71.07 ± 1.75 inhibition rate, %) (results not shown). Based on these observations, annatto extract may have therapeutic potential for modulation of ROS/NO in alloxan-induced diabetic rats.
